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Introduction {#sec001}
============

The growing recognition of the benefits of physical activities in human health highlights exercises as an essential conduit for rehabilitation programs in a wide variety of chronic inflammatory diseases such as hypertension, atherosclerosis, heart diseases, diabetes, rheumatoid arthritis and cancer \[[@pone.0162267.ref001]\]. However, sedentary patients with chronic diseases starting exercise protocols are often more susceptible to experience muscle pain, which may lead to discourage the continuity of exercises sessions resulting in abandonment of exercise practicing and lack of exercise health benefits \[[@pone.0162267.ref001]\].

Untrained individuals experience delayed onset muscle soreness (DOMS). DOMS results from unaccustomed strenuous exercise in untrained or sedentary people. Symptoms of DOMS do not initiate immediately after the exercise session, but rather around 12 h post-exercise, peaking 24--48 h after exercise session \[[@pone.0162267.ref002],[@pone.0162267.ref003]\]. DOMS is classified as a type I muscle strain injury, characterized by tenderness or stiffness to palpation and/or movement \[[@pone.0162267.ref004]\]. The resolution of DOMS symptoms could disappear naturally, or in cases of untrained individuals and patients with chronic debilitating diseases generates severe debilitating pain, leading to restriction of movements \[[@pone.0162267.ref004]\]. Thus, therapeutic approaches to reduce exercise-induced muscle pain are encouraged and may provide a better quality of life for these individuals. In mice, intense acute swimming induces DOMS-like response by mechanisms involving soleus muscle and spinal cord oxidative stress and cytokine production \[[@pone.0162267.ref001],[@pone.0162267.ref002]\].

Flavonoids constitute important components of the human diet. Flavonoid intake ranges between 50 and 800 mg/day depending on the consumption of vegetables and fruits \[[@pone.0162267.ref005]\]. Indeed, flavonoids have emerged as interesting therapeutic molecules to treat varied inflammatory and painful conditions, especially due to its wide spectrum of biological activities, but additionally because they have fewer adverse effects than other traditional anti-inflammatory/analgesic drugs \[[@pone.0162267.ref005],[@pone.0162267.ref006]\]. The flavonoid quercetin (3,3´,4´,5,7-pentahydroxyflavone) is a well-established molecule with anti-inflammatory, antioxidant and analgesic properties \[[@pone.0162267.ref007]--[@pone.0162267.ref012]\]. For instance, quercetin reduces inflammatory, neuropathic and cancer pain as well as gouty arthritis-related inflammation \[[@pone.0162267.ref007],[@pone.0162267.ref008],[@pone.0162267.ref013]\]. The analgesic effects of quercetin observed in models of nociception were describe to be dependent on many mechanism, including nitric oxide production, activation of ɣ-aminobutyric acid (GABA) and serotonin receptors, opioid like effects, and inhibition of transient receptor potential cation channel subfamily V member 1 (TRPV1)/N-methyl-D-aspartate (NMDA) receptors, cytokine production and oxidative stress \[[@pone.0162267.ref007],[@pone.0162267.ref008],[@pone.0162267.ref013]\].

The effects of oral long-term quercetin supplementation on performance, systemic immune modulations, muscle metabolism or markers of inflammation and oxidative stress in exercise were evaluated in experimental and clinical settings with contrasting results \[[@pone.0162267.ref014]--[@pone.0162267.ref020]\]. For instance, quercetin is effective in reducing exercise-induced oxidative stress and inflammation in blood samples of unprofessional athletes \[[@pone.0162267.ref018]\]. Corroborating, quercetin co-ingested with other flavonoids and food components prevents inflammation in trained cyclists 3 days after exercise \[[@pone.0162267.ref016]\] and confers myocardium protection against intense exercise injury \[[@pone.0162267.ref020]\]. On the other hand, quercetin did not reduce blood oxidative stress and inflammation or muscle inflammation and damage in post-exercise during clinical trials possibly due to high dose treatment during a long period \[[@pone.0162267.ref014],[@pone.0162267.ref015],[@pone.0162267.ref017],[@pone.0162267.ref019]\]. Therefore, whether quercetin has beneficial effects in muscle inflammation and oxidative stress is still controversial. Importantly, the analgesic effect and mechanisms of quercetin in exercise-induced muscle pain remain to be investigated.

Therefore, the present study evaluated the analgesic effect of quercetin and its mechanism in muscle mechanical hyperalgesia using a model of intense acute swimming-induced muscle pain in mice. Possible analgesia-related effects of quercetin were also addressed and consisted of evaluating inflammatory- and oxidative stress-related parameters in the soleus and gastrocnemius muscles as well as spinal cord.

Methods {#sec002}
=======

Animals {#sec003}
-------

The experiments were performed on male Swiss mice, weighing between 20-25g from State University of Londrina, PR, Brazil. Mice were housed in standard clear plastic cages with free access to water and food, light/dark cycle of 12/12 h and controlled temperature. Mice were maintained in the vivarium of the Department of Pathological Science of State University of Londrina for at least two days before the experiments. Mice were used only once and were acclimatized to the testing room at least 1 hour before the experiments, which was conducted during the light cycle. At the end of experiments, mice were anesthetized with isoflurane 3% to minimize suffering (Abbott Park, IL, USA) and terminally killed by cervical dislocation followed by decapitation. The animal condition was monitored daily and at indicated time points during the experiments. No unexpected animal deaths occurred during this study. Animals' care and handling procedures were in accordance with the International Association for Study of Pain (IASP) guidelines and were approved by the Institutional Ethics Committee for Animal Research of State University of Londrina under the process number 13279.2011.76. All efforts were made to minimize the number of animals used and their suffering.

Test compounds {#sec004}
--------------

The compounds used in this study were saline solution (NaCl 0.9%; Frenesius Kabi Brasil Ltda, Aquiraz, CE, Brazil), isoflurane (Abbott Park, IL, USA), dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA) and quercetin (95% purity, Acros, Fair Lawn, NJ, USA).

General experimental procedures {#sec005}
-------------------------------

[Fig 1](#pone.0162267.g001){ref-type="fig"} shows the time points of treatments and sample collection, which were based on previous studies or selected in experiments shown in the present study \[[@pone.0162267.ref001],[@pone.0162267.ref002],[@pone.0162267.ref021]\]. Mice received vehicle (Vh, 2% DMSO in saline, 200 μg/mL) or quercetin (Qc, 1--30 mg/kg, diluted in 2% DMSO in saline, 200 μg/mL) by intraperitoneal (i.p.) route 30 min before swimming session plus reinforcements 12 h after, depending on the sample collection time point and were submitted to one session of intense acute swimming of 120 min \[[@pone.0162267.ref001],[@pone.0162267.ref002],[@pone.0162267.ref021]\]. The doses of 1, 3 and 10 mg/kg of quercetin were used only in the dose-response experiment presented in [Fig 2](#pone.0162267.g002){ref-type="fig"}. Naïve and sham (30 sec exposure to water) animals were used as control groups. After intense acute swimming session, the following tissues, parameters and time points were used for evaluation of: muscle mechanical hyperalgesia (6--48 h after swimming session); time spent in swimming behavior/immobility behavior during swimming session; plasmatic levels of glucose (2 and 24 h after swimming session); myeloperoxidase (MPO) and N-acetyl-*β*-D-glucosaminidase (NAG) activities in the soleus and gastrocnemius muscle (24 and 12 and 24 h after swimming session, respectively); cytokine (TNF-α, IL-1β and IL-10) production in the soleus and gastrocnemius muscle (immediately after swimming session); antioxidant capacity by 2,2´-azinobis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) and reduced glutathione (GSH) levels as well as superoxide anion production (nitroblue tetrazolium \[NBT\] reduction) and lipid peroxidation (thiobarbituric acid reactive substances \[TBARS\]) levels in the soleus and gastrocnemius muscles (2 h after swimming session); NFκB activation (24 h), and cyclooxygenase-2 (COX-2), gp91^phox^, Nrf2, HO-1, and myoblast determination protein (MyoD) mRNA expression were determined in the soleus muscle (24 h after swimming session); creatine kinase (CK) levels in the blood (2 and 24 h after swimming session); cytokine (TNF-α, IL-1β and IL-10) production, GSH and TBARS levels in spinal cord (L4-L6; 2 h after swimming session); and glial fibrillary acidic protein (GFAP) and ionized calcium-binding adapter molecule 1 (Iba-1) mRNA expression in the spinal cord (L4-L6; 24 h after swimming session). The experimental design and times described above were based on previous studies \[[@pone.0162267.ref001],[@pone.0162267.ref002],[@pone.0162267.ref021]\].

![Schematic protocol.\
Mice were treated with quercetin 30 min before and 12 h after (depending on the experiment), and were submitted to intense acute swimming session. During the swimming session (0--2 h), time spent in swimming behavior and immobility behavior were determined; cytokine production in the soleus and gastrocnemius muscles and glucose and CK levels in blood were assessed immediately after the session (2 h); cytokine production in the spinal cord and oxidative stress in the soleus and gastrocnemius muscles and spinal cord were assessed 2 h after the session (4 h); muscle mechanical hyperalgesia were evaluated 6--48 h after the session; NAG activity was assessed 12 h after the session as part of time-response experiment; glucose and CK levels in blood, MPO and NAG activity (time-response experiment as well as the time period chosen), NFκB activation, COX-2, gp91^phox^, Nrf2 and HO-1 mRNA expression in the soleus and gastrocnemius muscles and GFAP and Iba-1 mRNA expression in the spinal cord were assessed 24 h after the session.](pone.0162267.g001){#pone.0162267.g001}

![Quercetin reduces in a dose-dependent manner intense acute swimming-induced muscle mechanical hyperalgesia and did not affect glucose levels, time spent in swimming behavior or immobility behavior during the intense acute swimming session.\
Mice received vehicle (2% DMSO in saline) or quercetin (1--30 mg/kg, i.p.) 30 min before plus reinforcements 12 h after the intense acute swimming session. The intensity of muscle mechanical hyperalgesia was evaluated 6--48 h after the intense acute swimming session (Panel A). Glucose plasmatic levels were determined immediately after and 24 h (peak of the hyperalgesia) after the swimming session (Panel B). Time spent in swimming behavior (Panel C) and immobility behavior (Panel D) were measured during the period of 2 h of the intense acute swimming session in quercetin (30 mg/kg, i.p., 30 min before) and vehicle treated groups. Results are presented as intensity of hyperalgesia (Δ reaction, in grams), glucose (mg/dL of plasma), time spent in swimming behavior and immobility behavior in minutes (Panels A-D) (*n* = 6 mice per group per experiment, representative of two independent experiments). \*P\<0.05 compared with naïve and sham groups, \#P\<0.05 compared with vehicle group, \*\*P\<0.05 compared with vehicle and 1 mg/kg groups, \#\#P\<0.05 compared with vehicle, 1 and 3 mg/kg groups, \*\*\*P\<0.05 compared with vehicle, 1, 3 and 10 mg/kg groups (Two-way ANOVA followed by Tukey's *post hoc*).](pone.0162267.g002){#pone.0162267.g002}

Intense acute swimming session {#sec006}
------------------------------

Mice were placed in a glass box (45×28×25 cm, divided into six compartments) with approximately 20 liters of water at 31° ± 1°C. Each mouse was placed in one compartment and all swam the same time, except by sham animals, which swam 30 seconds. Mice in the swimming group were exposed to water for one session with duration of 120 min. The muscle mechanical hyperalgesia was evaluated 6--48 h after the swimming session. The swimming session period was defined in previous studies that demonstrated a swimming time-dependent muscle hyperalgesia \[[@pone.0162267.ref001],[@pone.0162267.ref002],[@pone.0162267.ref021]\]. Briefly, in the first study standardizing this model, we determined the swimming time necessary to induce significant muscle hyperalgesia using 30 min of swimming at five consecutive days or swimming only once for 30 min, 1h and 2 h of swimming. The 2 h swimming induced a hyperalgesic response with temporal profile (muscle hyperalgesia 6--48 h after swimming session, peaking at 24 h; for review, see ref. [@pone.0162267.ref002]) resembling clinical delayed onset muscle soreness (DOMS). Furthermore, the intensity of muscle hyperalgesia induced by this protocol is amenable by inhibition of pro-hyperalgesic cytokines such as TNFα and IL-1β as well as it is enhanced by IL-10 deficiency and inhibited by IL-10 treatment. Therefore, the intensity of muscle hyperalgesia achieved in this protocol allows observing inhibition and enhancement, thus, further supporting it is balanced and not excessive \[[@pone.0162267.ref001],[@pone.0162267.ref002],[@pone.0162267.ref021]\]. This model of exercise also avoids stress- or hypoalgesia- related to water temperature, and focuses on exercise-induced hyperalgesia \[[@pone.0162267.ref001],[@pone.0162267.ref002],[@pone.0162267.ref021]\]. Importantly, mice floated during approximately 19% of the session. Therefore, this swimming behavior is intentional and likely in an attempt to find a scape, thus mice choose how much they swim. The welfare of mice was always a focus and, therefore, an Experimenter monitored the swimming sessions. Swimming sessions were also recorded to determine the swimming/floating ratio of each mouse.

Evaluation of muscle mechanical hyperalgesia {#sec007}
--------------------------------------------

Muscle mechanical hyperalgesia was tested in mice as previously reported \[[@pone.0162267.ref022]\]. The test consisted of evoking a hind paw flexion reflex with a hand-held force transducer (electronic von Frey anesthesiometer; Insight, Ribeirão Preto, SP, Brazil) adapted with a 0.5 mm^2^ contact area polypropylene tip. Muscle mechanical hyperalgesia was measured at four time points after the intense acute swimming session (6, 12, 24 and 48 h) always in the right hind limb of mice to determine the intensity of muscle pain after the session. Briefly, mice were placed in individual acrylic cages (12×10×17 cm) with wire grid floors allowing free moving for acclimatization 15--30 min before the start of testing. Mice were awake and no anesthesia was administrated. The total period in which animals remained in acrylic cages did not exceed 45 min in each evaluation time (0, 6, 12, 24 and 48 h) considering the periods of acclimatization and measurements. For the measurements of muscle mechanical hyperalgesia, the edge of tip was brought into contact to the paw tissue and an upward pressure was applied. The pressure applied to hind paw surface induces an articular movement on the ankle joint (dorsiflexion), leading to stretch the Aquilles tendon, which in turn, promotes an exaggerated muscle movement response (movement-induced hyperalgesia) when there is sensitization of nociceptors of calf muscle \[[@pone.0162267.ref001],[@pone.0162267.ref002],[@pone.0162267.ref021]\]. The end point was characterized by the removal of the paw followed by clear flinching movements. Muscle distension is sufficient to trigger muscle nociceptive responses. After the paw withdrawal, the intensity of the pressure was recorded automatically. The value of the response was an average of three measurements. The results are expressed by delta (Δ) withdrawal threshold (in g) calculated by subtracting the mean measurements (indicated time points) after stimulus from the baseline measurements. The basal mechanical withdrawal threshold was 8.8±0.1 g (mean ± SEM between the groups, 6 mice per group per experiment) before intense acute swimming session. There was no difference of basal mechanical withdrawal thresholds between groups in the same experiment.

Cytokine production {#sec008}
-------------------

Samples were homogenized in 500 μl (soleus muscle and spinal cord) or 700 μl (gastrocnemius muscle) of the appropriate buffer containing protease inhibitors. TNFα, IL-1β and IL-10 production was determined by enzyme-linked immunosorbent assay (ELISA) using eBioscience kits (Affymetrix, San Diego, CA, USA) \[[@pone.0162267.ref001],[@pone.0162267.ref002]\]. Briefly, 96-well plates were coated overnight at 4°C with an immunoaffinity-purified polyclonal sheep antibody specifically for each cytokine tested. After blocking the plates, recombinant murine TNF-α, IL-1β and IL-10 standards at various dilutions and the samples were added in duplicate and incubated overnight at 4°C. Rabbit biotinylated immunoaffinity-purified antibodies anti-TNF-α, anti-IL-1β, anti-IL-10 were added, followed by incubation at room temperature for 1 h. Finally, 50 μL of avidin-HRP (1:5000 dilution) was added to each well; after 30 min, the plates were washed and the color reagent o-phenylenediamine (200 μg/well; Sigma) was added. After 15 min, the reaction was interrupted with 1 M H~2~SO~4~ and measured at 450 nm. The results were expressed as picograms (pg) of cytokine per 100 mg of tissue.

NFκB activation assay {#sec009}
---------------------

Samples were homogenized in ice-cold lysis buffer (Cell Signaling Technology, Beverly, MA, USA). The homogenates were centrifuged (200 g × 10 min × 4°C) and the supernatants used to assess the levels of total and phosphorylated NF-κB p65 subunit by ELISA using PathScan kits (Cell Signaling Technology, Beverly, MA, USA) according to the manufacturer's instructions \[[@pone.0162267.ref023]\]. The results are presented as the sample ratio of NFκB activation (total p65/phospho-p65) per milligram of soleus muscle measured at 450 nm.

MPO activity {#sec010}
------------

The leukocyte migration to soleus and gastrocnemius muscles induced by intense acute swimming was evaluated using the MPO kinetic-colorimetric assay as described previously \[[@pone.0162267.ref001]\]. Briefly, samples of skeletal muscles were collected in 50 mM K~2~HPO~4~ buffer (pH 6.0) containing 0.5% hexadecyl trimethylammonium bromide (HTAB) and kept at −86°C until use. Samples were homogenized using a Polytron (PT3100) and centrifuged at 16,100 *g* in 4°C for 2 min. Then, 10 μl of the resulting supernatant were mixed with 200 μl of 50 mM phosphate buffer pH 6.0, containing 0.167 mg/ml O-dianisidine dihydrochloride and 0.0005% hydrogen peroxide and assayed spectrophotometrically for MPO activity determination at 450 nm (Multiskan GO Microplate Spectrophotometer, Thermo Fischer Scientific, Vantaa, Finland). The MPO activity of samples was compared to a standard curve of neutrophils, and the results were presented as MPO activity (numbers of total neutrophils x 10^10^/mg of soleus and gastrocnemius muscles).

NAG activity {#sec011}
------------

NAG activity was determined by an adapted colorimetric method previously described \[[@pone.0162267.ref024]\]. Briefly, 20 *μ*L of the supernatant obtained from MPO activity procedure was added in a 96-well plate followed by the addition of 80 μL of 50 mM phosphate buffer, pH 6.0. The reaction was initiated by the addition of 2.24 mM 4-nitrophenyl N-acetyl-β-D-glucosaminide. The plate was incubated at 37°C for 10min, and the reaction was stopped by the addition of 100 μL of 0.2 M glycine buffer, pH 10.6. NAG enzymatic activity was determined at 400 nm (Multiskan GO Microplate Spectrophotometer, Thermo Fischer Scientific, Vantaa, Finland), and results were presented as NAG activity (macrophages x 10^4^/mg of soleus and gastrocnemius muscles).

ABTS assay {#sec012}
----------

Samples were homogenized in ice-cold buffer containing 1.15% KCl using a Polytron (PT3100) and centrifuged at 200 g in 4°C for 10 min \[[@pone.0162267.ref024],[@pone.0162267.ref025]\]. The total antioxidant capacity of the supernatant was measured by ABTS assay, which is based on the ability of the tissue antioxidant molecules to quench ABTS radical cation (ABTS^⋅+^), a bluegreen chromophore with characteristic absorption at 734 nm. ABTS^⋅+^ was produced by reacting ABTS stock solution (ABTS dissolved in water to a 7mM concentration) with 2.45 mM potassium persulfate (final concentration) and allowing the mixture to stand in the dark at room temperature for 12--16 h before use. For the study, ABTS^⋅+^ solution was diluted in phosphate buffer pH 7.4 to reach an absorbance of 0.8 (±0.02) at 734 nm. Briefly, 10 μL of the samples was added to 1 mL of the diluted ABTS^⋅+^ solution; samples were vortex-mixed and allowed to stand for 6 min, to be measured by spectrophotometer at 734 nm. A standard curve was prepared using different concentrations of Trolox and results were presented as nmol of Trolox equivalent/mg of soleus and gastrocnemius muscles.

GSH assay {#sec013}
---------

Samples were homogenized in ethylenediaminetetraacetic acid (EDTA) 0.02 M, and homogenates treated with 2 mL H~2~O milli Q plus 0.5 mL of trichloroacetic acid (TCA) 50%. In the next step, homogenates were centrifuged (1,500 *g*, 15 min) and the resultant supernatant was added to 2 mL of a solution containing Tris 0.4 M (pH 8.9) plus 50 mL of dithionitrobenzoic acid (DTNB). Then, after 5 min, the measurements were performed using a spectrophotometer at 412 nm (Multiskan GO Microplate Spectrophotometer, Thermo Fischer Scientific, Vantaa, Finland) \[[@pone.0162267.ref001]\]. The results were presented as GSH (mmols per miligrams of soleus and gastrocnemius muscles and spinal cord).

Superoxide anion production {#sec014}
---------------------------

Samples were homogenized with 500 μL of saline, and 50 μL of the homogenate was placed in a 96-well plate, followed by the addition of 100 μl of nitroblue tetrazolium (NBT solution, 1 mg/mL) and incubation for 1 h at 37°C. The supernatant was carefully removed, and the precipitated formazan was then solubilized by adding 120 μL of 2 M KOH and 140 μL of DMSO. Superoxide anion production was determined spectrophotometrically by the reduction of the redox dye NBT \[[@pone.0162267.ref021]--[@pone.0162267.ref025]\]. Readings were performed at 600 nm (Multiskan GO Microplate Spectrophotometer, Thermo Fischer Scientific, Vantaa, Finland). Protein quantification was used for data normalization, and the results were presented as NBT reduction (OD/mg of protein of soleus and gastrocnemius muscles).

Lipid peroxidation determination {#sec015}
--------------------------------

TBARS levels were used to determine lipid peroxidation in skeletal muscle and spinal cord samples \[[@pone.0162267.ref024]\]. For this assay, TCA (10%) was added to the homogenate to precipitate proteins followed by centrifugation (1,000 *g*, 3 min, 4°C). The protein-free supernatant was then separated, and thiobarbituric acid (0.67%) was added. The mixture was kept in water bath for 15 min at 100°C. Malondialdehyde (MDA), an intermediate product of lipid peroxidation, was determined by difference between absorbance at 535 and 572 nm (Multiskan GO Microplate Spectrophotometer, Thermo Fischer Scientific, Vantaa, Finland). Protein quantification was used for data normalization, and the results were presented as TBARS (nmol MDA/mg of protein of soleus and gastrocnemius muscles and spinal cord).

Reverse transcription and quantitative polymerase chain reaction {#sec016}
----------------------------------------------------------------

Reverse transcription and quantitative polymerase chain reaction (qPCR) were performed as previously described \[[@pone.0162267.ref025]\]. Samples of the soleus muscle and spinal cord were homogenized in trizol reagent. Subsequently, total RNA was isolated according to the manufacturer's guideline. The purity of total RNA was measured spectrophotometrically and the wavelength absorption ratio (260/280) was between 1.8 and 2.0 for all preparations. Reverse transcription of total RNA to cDNA and qPCR were carried out using GoTaq^®^ 2-Step RT-qPCR System (Promega) and specific primers. qPCR reaction was performed in StepOnePlus^™^ Real-Time PCR System (Applied Biosystems^®^). The relative gene expression was measured using the comparative 2^-(ΔΔCq)^ method. The expression of Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA was used as reference gene to normalize data. The primers used in the study were: *COX-2*, `forward: 5´-GTGGAAAAACCTCGTCCAGA-3´, reverse: 5´-GCTCGGCTTCCAGTATTGAG-3´; gp91phox, forward: 5´-AGCTATGAGGTGGTGATGTTAGTGG-3´, reverse: 5´-CACAATATTTGTACCAGACAGACTTGAG-3´; Nrf2, forward: 5´-TCACACGAGATGAGCTTAGGGCAA-3´, reverse: 5´-TACAGTTCTGGGCGGCGACTTTAT-3´; HO-1, forward: 5´-CCCAAAACTGGCCTGTAAAA-3´, reverse: 5´-CGTGGTCAGTCAACATGGAT-3´; MyoD, forward: 5´-ACTTTCTGGAGCCCTCCTGGCA-3´, reverse: 5´-TTTGTTGCACTACACAGCATG-3´; GFAP, forward: 5´-GGCGCTCAATGCTGGCTTCA-3´, reverse: 5´-TCTGCCTCCAGCCTCAGGTT-3´; Iba-1, forward: 5´-ATGGAGTTTGATCTGAATGGAAAT-3´, reverse: 5´-TCAGGGCAGCTCGGAGATAGCTTT-3´; GAPDH, forward: 5´-CATACCAGGAAATGAGCTTG-3´, reverse: 5´-ATGACATCAAGAAGGTGGTG-3´`.

Plasmatic concentrations of glucose and CK {#sec017}
------------------------------------------

Blood samples were centrifuged at 3,300 *g* at 4°C for 5 min, and the resultant plasma was assayed for glucose and CK levels (Dimension^®^ Clinical Chemistry System; Siemens, Erlangen, Germany). Quantification of glucose and CK concentrations was done using a spectrophotometer according to the manufacturer's instructions \[[@pone.0162267.ref001],[@pone.0162267.ref002],[@pone.0162267.ref021]\]. Naive and sham groups were not fed during the period in which vehicle and quercetin treated animals swam, representing the basal values of non-exercised animals.

Statistical analysis {#sec018}
--------------------

Results are presented as means ± standard error mean (SEM) of measurements made on six mice in each group per experiment and are representative of two independent experiments. Two-way repeated measure analysis of variance (ANOVA) followed by Tukey's *post hoc* was used to compare the groups in multiple time points after the intense acute swimming session. Analyzed factors were treatments, time and time versus treatment interaction. On the other hand, one-way ANOVA followed by Tukey's *post hoc* were performed for data of single time point. Data were analyzed using the statistical software GraphPad Prism 5 (Graphpad Software Inc., La Jolla, CA, USA). Statistical differences were considered significant when P \< 0.05.

Results {#sec019}
=======

Quercetin treatment inhibits intense acute swimming-induced muscle mechanical hyperalgesia in a dose-dependent manner, and does not affect glucose levels, time spent in swimming behavior or immobility behavior during the intense acute swimming session {#sec020}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

[Fig 1](#pone.0162267.g001){ref-type="fig"} summarizes the treatment protocols and time points in which each analysis was performed. [Fig 2A](#pone.0162267.g002){ref-type="fig"} shows that intense acute swimming induced significant muscle mechanical hyperalgesia that increased in a time-dependent manner from 6--24 h until reaching its peak at 24^th^ h. After this period, muscle mechanical hyperalgesia decreased gradually until the 48^th^ h. Treatment with quercetin reduced muscle mechanical hyperalgesia in a dose-dependent manner. The doses of 1 and 3 mg/kg of quercetin inhibited muscle mechanical hyperalgesia at 24 h and 12--36 h, respectively. The dose of 10 mg/kg of quercetin inhibited muscle mechanical hyperalgesia between 6--48 h with significant differences compared with two lower doses of quercetin (1 and 3 mg/kg) between 24--36 h, and at 48 h compared with the lower dose of quercetin (1 mg/kg). The dose of 30 mg/kg of quercetin abolished muscle mechanical hyperalgesia between 6--48 h with significant differences compared with the three lower doses of quercetin tested (1--10 mg/kg) at the peak of hyperalgesia (24 h). Therefore, the dose of quercetin of 30 mg/kg was selected for the next sets of experiments. Further confirming that the intense acute swimming protocol is not stressful for animals \[[@pone.0162267.ref001],[@pone.0162267.ref002],[@pone.0162267.ref021]\], plasmatic concentrations of glucose were unaltered immediately after the session (2 h) and at the peak of muscle mechanical hyperalgesia (24 h) ([Fig 2B](#pone.0162267.g002){ref-type="fig"}). Additionally, the time spent in swimming ([Fig 2C](#pone.0162267.g002){ref-type="fig"}) and immobility ([Fig 2D](#pone.0162267.g002){ref-type="fig"}) behaviors during the swimming session were equivalent between vehicle and quercetin treated animals. These results evidence that the analgesic effect of quercetin was not dependent on diminishing the swimming behavior. The analgesic mechanisms of quercetin were evaluated in the next sets of experiments focusing on inflammation- and oxidative stress-related events.

Quercetin inhibits intense acute swimming-induced MPO and NAG activity in the soleus muscle, but not in the gastrocnemius muscle {#sec021}
--------------------------------------------------------------------------------------------------------------------------------

The MPO and NAG activity were determined as indirect markers of neutrophils/macrophages and macrophages counts, respectively \[[@pone.0162267.ref024]\]. The intense acute swimming-induced increase of MPO activity in the soleus muscle was abolished in quercetin treated group ([Fig 3A](#pone.0162267.g003){ref-type="fig"}). Intense acute swimming did not induce significant increase of MPO activity in the gastrocnemius muscle \[[@pone.0162267.ref001],[@pone.0162267.ref002],[@pone.0162267.ref021]\], thus, it could not be altered by quercetin treatment ([Fig 3B](#pone.0162267.g003){ref-type="fig"}). In the soleus muscle, NAG activity increased significantly at 12 h and peaked 24 h after the swimming session compared to sham group ([Fig 3C](#pone.0162267.g003){ref-type="fig"}). Intense acute swimming did not induce NAG activity increase in the gastrocnemius muscle compared to sham group ([Fig 3D](#pone.0162267.g003){ref-type="fig"}). Therefore, the 24 h time point was selected to determine the effect of quercetin on intense acute swimming-induced NAG activity. Quercetin treatment reduced intense acute swimming-induced NAG activity in the soleus muscle ([Fig 3E](#pone.0162267.g003){ref-type="fig"}). No alteration was detected in the gastrocnemius muscle ([Fig 3F](#pone.0162267.g003){ref-type="fig"}).

![Quercetin reduces intense acute swimming-induced increase in MPO and NAG activities in the soleus muscle but not in the gastrocnemius muscle.\
Mice were treated with vehicle or quercetin (30 mg/kg, i.p.) 30 min before plus reinforcements 12 h after the intense acute swimming session. MPO (Panels A and B) and NAG (Panels C and D) activities were measured 24 h after the intense acute swimming session. Results are presented as MPO (Neutrophils x 10^10^) and NAG (Macrophages x 10^4^) activity per milligram of the soleus and gastrocnemius muscles (*n* = 6 mice per group per experiment, representative of two independent experiments). \*P\<0.05 compared to the naïve and sham groups, \#P\<0.05 compared with vehicle group (One-way ANOVA followed by Tukey's *post hoc*).](pone.0162267.g003){#pone.0162267.g003}

Quercetin inhibits intense acute swimming-induced cytokine production (TNF-α, IL-1β and IL-10) in the soleus muscle, but not in the gastrocnemius muscle {#sec022}
--------------------------------------------------------------------------------------------------------------------------------------------------------

Intense acute swimming induced significant TNF-α, IL-1β and IL-10 production in the soleus muscle similar to previous data \[[@pone.0162267.ref001],[@pone.0162267.ref002],[@pone.0162267.ref021]\], and quercetin inhibited the cytokine production ([Fig 4A](#pone.0162267.g004){ref-type="fig"}). No alteration was detected in the gastrocnemius muscle ([Fig 4B](#pone.0162267.g004){ref-type="fig"}).

![Quercetin reduces intense acute swimming-induced TNF-α, IL-1β and IL-10 production in the soleus muscle, but not in the gastrocnemius muscle.\
Mice were treated with vehicle or quercetin (30 mg/kg, i.p.) 30 min before intense acute swimming session. The TNF-α, IL-1β and IL-10 concentration in the soleus (Panel A) and gastrocnemius (Panel B) muscles were quantified immediately after the end of intense acute swimming session by ELISA. Results are presented as picograms (pg) per 100 mg of soleus and gastrocnemius muscles samples (*n* = 6 mice per group per experiment, representative of two independent experiments). \*P\<0.05 compared to the naïve and sham groups, \#P\<0.05 compared with vehicle group (One-way ANOVA followed by Tukey's *post hoc*).](pone.0162267.g004){#pone.0162267.g004}

Quercetin inhibits intense acute swimming-induced oxidative stress in the soleus muscle, but not in the gastrocnemius muscle {#sec023}
----------------------------------------------------------------------------------------------------------------------------

Intense acute swimming reduced the antioxidant capacity, as observed by ABTS assay and GSH levels ([Fig 5A and 5B](#pone.0162267.g005){ref-type="fig"}, respectively), and increased superoxide anion production and lipid peroxidation, as observed by NBT reduction and TBARS levels ([Fig 5C and 5D](#pone.0162267.g005){ref-type="fig"}, respectively) in the soleus muscle. Treatment with quercetin significantly re-established the antioxidant capacity (ABTS and GSH) as well as reduced the oxidative stress (superoxide anion production and lipid peroxidation) ([Fig 5A--5D](#pone.0162267.g005){ref-type="fig"}). No alteration was detected in the gastrocnemius muscle regarding antioxidant capacity (ABTS and GSH levels) and oxidative stress (superoxide anion production and lipid peroxidation) in the gastrocnemius muscle ([Fig 5E--5H](#pone.0162267.g005){ref-type="fig"}).

![Quercetin reduces intense acute swimming-induced oxidative stress in the soleus muscle, but not in the gastrocnemius muscle.\
Mice were treated with vehicle or quercetin (30 mg/kg, i.p.) 30 min before intense acute swimming session. The ABTS, GSH, NBT and TBARS assays in the soleus (Panels A-D) and gastrocnemius (Panels E- H) muscles were quantified in samples collected 2 h after the end of intense acute swimming session. Results are presented as ABTS assay (nmol of trolox eq/mg), GSH (mmols/mg), NBT reduction (OD/mg of protein) and TBARS (nmol of MDA/mg of protein) of soleus and gastrocnemius muscles (*n* = 6 mice per group per experiment, representative of two independent experiments). \*P\<0.05 compared to the naïve and sham groups, \#P\<0.05 compared with vehicle group (One-way ANOVA followed by Tukey's *post hoc*).](pone.0162267.g005){#pone.0162267.g005}

Quercetin inhibits intense acute swimming-induced COX-2 and gp91^phox^ mRNA expression in the soleus muscle {#sec024}
-----------------------------------------------------------------------------------------------------------

Intense acute swimming induced significant increase of COX-2 and gp91^phox^ mRNA expression ([Fig 6A and 6B](#pone.0162267.g006){ref-type="fig"}, respectively) compared to negative control groups. On the other hand, quercetin reduced intense acute swimming-induced COX-2 and gp91^phox^ mRNA expression ([Fig 6A and 6B](#pone.0162267.g006){ref-type="fig"}, respectively).

![Quercetin reduces intense acute swimming-induced COX-2 and gp91^phox^ mRNA expression in the soleus muscle.\
Mice were treated with vehicle or quercetin (30 mg/kg, i.p.) 30 min before plus reinforcements 12 h after the intense acute swimming session. Samples of soleus muscle were collected 24 h after the intense acute swimming session. COX-2 (Panel A) and gp91^phox^ (Panel B) mRNA expression were determined by qPCR. Results are presented as COX-2 and gp91^phox^ mRNA expression (normalized to Gapdh) (*n* = 6 mice per group per experiment, representative of two independent experiments). \*P\<0.05 compared to the naïve and sham groups, \#P\<0.05 compared with vehicle group (One-way ANOVA followed by Tukey's *post hoc*).](pone.0162267.g006){#pone.0162267.g006}

Quercetin inhibits NFκB activation and induces Nrf2 and HO-1 mRNA expression after swimming session in the soleus muscle {#sec025}
------------------------------------------------------------------------------------------------------------------------

Quercetin inhibited intense acute swimming-induced NFκB activation (total NFκB/phosphorylated NFκB ratio, [Fig 7A](#pone.0162267.g007){ref-type="fig"}). Intense acute swimming did not alter Nrf2 and HO-1 mRNA expression compared to control groups. On the other hand, quercetin treatment induced significant increase of Nrf2 and HO-1 mRNA expression ([Fig 7B and 7C](#pone.0162267.g007){ref-type="fig"}, respectively).

![Quercetin inhibits NFκB activation and induces Nrf2 and HO-1 mRNA expression in the soleus muscle after intense acute swimming.\
Mice were treated with vehicle or quercetin (30 mg/kg, i.p.) 30 min before plus reinforcements 12 h after the intense acute swimming session. NFκB activation (total NFκB/phosphorylated NFκB ratio, Panel A), and Nrf2 (Panel B) and HO-1 (Panel C) mRNA expression in the soleus muscle were assessed 24 h after the intense acute swimming session. Results are presented as NFκB activation (total-p65/phosphotrilated-p65 ratio)/mg of soleus muscle, and Nrf2 and HO-1 mRNA expression (normalized to Gapdh) (*n* = 6 mice per group per experiment, representative of two independent experiments). \*P\<0.05 compared to the vehicle treated group (One-way ANOVA followed by Tukey's *post hoc*).](pone.0162267.g007){#pone.0162267.g007}

Quercetin reduces intense acute swimming-induced myocyte injury {#sec026}
---------------------------------------------------------------

Intense acute swimming induced a significant increase in plasmatic levels of CK immediately after the session (2 h), returning to the basal levels at 24^th^ h ([Fig 8A](#pone.0162267.g008){ref-type="fig"}) corroborating earlier data \[[@pone.0162267.ref001],[@pone.0162267.ref021]\]. Quercetin inhibited intense acute swimming-induced CK blood concentration increase at 2 h ([Fig 8A](#pone.0162267.g008){ref-type="fig"}). Intense acute swimming also induced MyoD mRNA expression, which was inhibited by quercetin ([Fig 8B](#pone.0162267.g008){ref-type="fig"}).

![Quercetin reduces intense acute swimming-induced increases in plasmatic concentrations of CK and MyoD mRNA expression in the soleus muscle.\
Mice were treated with vehicle or quercetin (30 mg/kg, i.p.) 30 min before plus reinforcements 12 h after the intense acute swimming session. At 2 or 24 h after the intense acute swimming session, blood samples were collected for determination of plasmatic levels of CK (Panel A). Samples of the soleus muscle were collected 24 h after the intense acute swimming session for evaluation of MyoD mRNA expression (Panel B). Results are presented as creatine kinase (total) (U/L of plasma) and MyoD mRNA expression (normalized to Gapdh) (*n* = 6 mice per group per experiment, representative of two independent experiments). \*P\<0.05 compared to the naïve and sham groups, \#P\<0.05 compared with vehicle group (One-way ANOVA followed by Tukey's *post hoc*).](pone.0162267.g008){#pone.0162267.g008}

Quercetin inhibits intense acute swimming-induced spinal cord cytokine production (TNF-α, IL-1β and IL-10), oxidative stress, and glial cells (astrocyte and microglia) activation {#sec027}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Intense acute swimming induced TNF-α, IL-1β and IL-10 production in the spinal cord, which was significantly reduced by quercetin treatment ([Fig 9A](#pone.0162267.g009){ref-type="fig"}). In muscle samples, four parameters of antioxidant defenses (ABTS and GSH) and oxidative stress (superoxide anion and TBARS) were evaluated. However, spinal cord samples need to be pooled for analysis (spinal cord pool of three mice), therefore, we selected GSH and TBARS parameters to reduce the number of mice. GSH levels ([Fig 9B](#pone.0162267.g009){ref-type="fig"}) and lipid peroxidation ([Fig 9C](#pone.0162267.g009){ref-type="fig"}) increased in the spinal cord after intense acute swimming session. Quercetin treatment significantly inhibited intense acute swimming-induced increase of GSH levels and reduced lipid peroxidation ([Fig 9B and 9C](#pone.0162267.g009){ref-type="fig"}, respectively). In agreement with the production of inflammatory mediators and oxidative stress in the spinal cord, intense acute swimming induced a significant increase of GFAP and Iba-1 mRNA expression in the spinal cord \[[@pone.0162267.ref026]\], which was reduced by quercetin treatment ([Fig 9D and 9E](#pone.0162267.g009){ref-type="fig"}, respectively).

![Quercetin reduces intense acute swimming-induced increases in cytokine production, oxidative stress and glial cells activation in the spinal cord.\
Mice were treated with vehicle or quercetin (30 mg/kg, i.p.) 30 min before (for cytokine production and oxidative stress determination) plus reinforcements 12 h after the intense acute swimming session (for glial cells activation assessment). Samples of the spinal cord (L4-L6) were collected 2 h after the intense acute swimming session for evaluation of cytokine production (TNF-α, IL-1β and IL-10) (Panel A) and oxidative stress (GSH and TBARS) (Panels B and C). GFAP and Iba-1 mRNA expression in spinal cord samples was determined 24 h after the swimming session (Panels D and E). Results are presented as cytokines (picograms per 100 mg), GSH (mmol/mg) and TBARS (nmol of MDA/mg of protein) of spinal cord samples, and GFAP and Iba-1 mRNA expression (normalized to Gapdh) (*n* = 6 mice per group per experiment, representative of two independent experiments). \*P\<0.05 compared to the naïve and sham groups, \#P\<0.05 compared with vehicle group (One-way ANOVA followed by Tukey's *post hoc*).](pone.0162267.g009){#pone.0162267.g009}

Discussion {#sec028}
==========

The present results demonstrate that quercetin treatment inhibited in a dose-dependent manner the intense acute swimming-induced muscle hyperalgesia. The antinociceptive effect of quercetin was accompanied by inhibition of intense acute swimming-induced NFκB activation and induction of Nrf2/HO-1 signaling pathway in the soleus muscle. In agreement with the modulation of NFκB and Nrf2, quercetin inhibited intense acute swimming-induced leukocyte recruitment (MPO and NAG activities), cytokine production (TNF-α, IL-1β and IL-10), oxidative stress, COX-2 and gp91^phox^ mRNA expression and tissue damage in the soleus muscle (CK blood concentration and MyoD mRNA expression). Moreover, quercetin also inhibited intense acute swimming-induced spinal cord neuro-inflammation as observed by reduced cytokine production, oxidative alterations and glial cells activation.

As evidenced previously, soleus muscle has a major role in intense acute swimming-induced mechanical hyperalgesia compared to gastrocnemius muscle \[[@pone.0162267.ref001],[@pone.0162267.ref002],[@pone.0162267.ref021]\]. The physiological characteristics of different types of skeletal muscle fibers might be determinant for the prominent role of the soleus muscle in the present model. Soleus muscle is composed mostly by slow type fibers (type I and type IIa), characterized by the resistance to fatigue, and abundant capillary supply, myoglobin concentration and mitochondria. Soleus muscle is also a highly oxidative muscle. Slow type I fibers are predominantly recruited during endurance exercise compared to the other muscle fiber types predominant in the gastrocnemius muscle (IIa and IIb) \[[@pone.0162267.ref002],[@pone.0162267.ref027]\]. It is possible that intense acute swimming not only activates the soleus muscle, but also the gastrocnemius muscle. However, it is likely that during the swimming session, the gastrocnemius muscle plays a role in the beginning of the exercise session due to the low fatigue resistance properties of the fast fibers, which rapidly enter into fatigue in the early stages of swimming. As the soleus muscle is intensely active during swimming session period, it produces an extensive amount of chemical mediators which contribute more markedly to the events observed after intense acute swimming session \[[@pone.0162267.ref001],[@pone.0162267.ref002]\]. Nonetheless, the participation of the gastrocnemius muscle in intense acute swimming-induced muscle mechanical hyperalgesia cannot be completely ruled out since variables such as the intensity of exercise and time point of evaluation may influence the results \[[@pone.0162267.ref002]\].

An important point to highlight is that time spent in swimming behavior and immobility behavior during swimming session did not differ among the studied groups. These observations support and validate the behavior, immune and biochemical analysis demonstrated here, indicating that the different responses observed in non-treated and quercetin treated groups cannot be attributed to variations in the swimming time. Furthermore, the similar levels of plasmatic glucose in all groups immediately after and also in the peak of hyperalgesia (24 h) corroborates our previous studies demonstrating no alteration of glucose and cortisol levels, reinforcing the notion that intense acute swimming-induced muscle mechanical hyperalgesia is not related to inducing animal stress \[[@pone.0162267.ref001],[@pone.0162267.ref002],[@pone.0162267.ref021]\].

The present findings are consistent with previous evidence demonstrating that the analgesic effect of quercetin depends on inhibiting the production of pro-hyperalgesic cytokines and oxidative stress in inflammation \[[@pone.0162267.ref008]\]. It is possible that these anti-inflammatory and antioxidant effects of quercetin are dependent on each other or even independent of each other. Quercetin presents hydroxyl groups capable of donating hydrogen and accepting electrons, which will be stabilized by quercetin benzenic rings. Therefore, the chemical struture of quercetin explains its antioxidant effects. During inflammation there is production of free radicals, which can activate inflammatory signaling pathways leading to cytokine production. Thus, an antioxidant effect can result in an anti-inflammatory effect. On the other hand, the anti-inflammatory effect of quercetin is not entirely or solely related to its antioxidant structures. In fact, there is a clear structure relationship for the antioxidant effects of flavonoids, but not to their inhibition of intracellular signaling pathways related to inflammation, cell survival and proliferation. If the anti-inflammatory and antioxidant effects of quercetin were directly and entirely interdependent, the anti-inflammatory effect would follow the same antioxidant structure relationship \[[@pone.0162267.ref005]\]. Nevertheless, the interaction of anti-inflammatory and antioxidant mechanisms is possible since cytokines induce free radical production and vice-versa \[[@pone.0162267.ref025]\]. The anti-inflammatory effects of quercetin have a great contribution of modulating the NFκB pathway. Quercetin inhibits NFκB binding to DNA and NFκB translocation to the nucleus without interefering with IκB degradation \[[@pone.0162267.ref028]\]. And a protocol of exhaustive swimming induces NFκB activation in the soleus muscle \[[@pone.0162267.ref029]\]. These data are in accordance with the present study, which demonstrates that quercetin inhibits intense acute swimming-induced NFκB activation. The intense acute swimming-induced muscle hyperalgesia depends on the balance of pro-inflammatory and anti-inflammatory cytokines \[[@pone.0162267.ref001],[@pone.0162267.ref002],[@pone.0162267.ref021]\]. There is evidence that quercetin can induce IL-10 production and this mechanism may explain at least in part its anti-inflammatory effects \[[@pone.0162267.ref030],[@pone.0162267.ref031]\]. The present observation that quercetin inhibited intense acute swimming-induced IL-10 production was unexpected. A possible explanation is that as quercetin inhibited oxidative stress and pro-hyperalgesic cytokine production (TNF-α and IL-1β), the endogenous production of IL-10 to limit hyperalgesia was not necessary \[[@pone.0162267.ref021],[@pone.0162267.ref032]\].

Quercetin also reduced MPO and NAG activities in the soleus muscle. These results are in line with the reduction of cytokine production (TNF-α and IL-1β) in the soleus muscle and with the chemoattractive role of TNF-α and IL-1β over neutrophils \[[@pone.0162267.ref001],[@pone.0162267.ref002],[@pone.0162267.ref033]\]. For instance, TNF-α activates both neutrophils and macrophages \[[@pone.0162267.ref001],[@pone.0162267.ref030],[@pone.0162267.ref034]\]. Thus, inhibiting TNF-α and IL-1β production reduces the recruitment and activation of these cells. In addition to inhibiting intense acute swimming-induced soleus muscle decrease of GSH and ABTS and soleus muscle increase of superoxide anion and TBARS, quercetin inhibited COX-2 and gp91^phox^ mRNA expression. COX-2 produces hyperalgesic prostanoids and superoxide anion \[[@pone.0162267.ref035]\]. gp91^phox^ is a subunit of nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase) membrane-bound enzyme complex that produces superoxide anion \[[@pone.0162267.ref024]\]. The products of COX-2 and NADPH oxidase induce hyperalgesia \[[@pone.0162267.ref036],[@pone.0162267.ref037]\]. The inhibition of COX-2 mRNA expression observed in the present study corroborates previous data, which demonstrated that quercetin down-regulates COX-2 expression *in vitro* \[[@pone.0162267.ref038]\]. This is an important data since COX-2 mediates muscle mechanical hyperalgesia, and its product prostagladin E~2~ (PGE~2~) directly sensitizes nociceptors in inflammatory hyperalgesia and muscle pain \[[@pone.0162267.ref036],[@pone.0162267.ref039],[@pone.0162267.ref040]\]. Decrease in gp91^phox^ mRNA expression by quercetin treatment is consistent with the inhibition of oxidative stress considering that NADPH oxidase produces superoxide anion, which lead to oxidative damage through the generation of the deleterious free radical hydroxyl \[[@pone.0162267.ref041]\]. Thereby, controlling oxidative stress (inhibition of gp91^phox^ mRNA expression) and PGE~2~-induced muscle nociceptors activation (inhibition of COX-2 mRNA expression) might account to the anti-nociceptive and anti-inflammatory effects of quercetin observed in the present study. Importantly, NFκB is a master regulator of the production/expression of cytokines, COX-2 and gp91^phox^ \[[@pone.0162267.ref042]--[@pone.0162267.ref047]\].

Quercetin also induced Nrf2 mRNA expression and its downstream target HO-1 24 h after intense acute swimming session corroborating previous data showing these effects of quercetin in other experimental systems using varied cell lines \[[@pone.0162267.ref040],[@pone.0162267.ref048]\]. This is also an analgesic, antioxidant and anti-inflammatory pathway \[[@pone.0162267.ref023],[@pone.0162267.ref024],[@pone.0162267.ref049],[@pone.0162267.ref050]\]. Nrf2 also induces GSH production \[[@pone.0162267.ref051]\], therefore, this result is in agreement with the quercetin prevention of GSH depletion. Thus, the present Nrf2/HO-1 mRNA data support the behavioral and biochemical evidence of the antioxidant and anti-inflammatory effects of quercetin in intense acute swimming-induced muscle mechanical hyperalgesia.

The present study detected that intense acute swimming session leads to increased MyoD mRNA expression 24 h after the session, which is a reliable indicator of satellite cells activation into myoblasts and indicates muscle injury. MyoD is a key transcription factor necessary for the developmental myogenesis and muscle repair events, and could be detected within 6 h following muscle injury \[[@pone.0162267.ref052],[@pone.0162267.ref053],[@pone.0162267.ref054]\]. Quercetin treatment reduced MyoD mRNA expression, indicating that this flavonoid lessened muscle injury. This myoskeletal protective-like effect of quercetin was suported by the reduction of intense acute swimming-induced increase of CK blood concentration.

Peripheral inflammation induces neuronal and glial cells activation in the dorsal root ganglia and spinal cord contributing to neuronal plasticity, and acute and chronic pain \[[@pone.0162267.ref055]--[@pone.0162267.ref057]\]. Muscle pain conditions also activate astrocytes and microglia in peripheral and central nervous systems \[[@pone.0162267.ref058]--[@pone.0162267.ref061]\]. For instance, exhaustive swimming exercise induce astrocytes activation in the hippocampus of rats \[[@pone.0162267.ref062]\]. Considering that these glial cells are well known sources of pro-inflammatory cytokines and reactive oxygen species in central nervous system, the quercetin inhibition of intense acute swimming-induced astrocytic (GFAP mRNA expression) and microglial (Iba-1 mRNA expression) activation in the spinal cord may explain the reduced cytokine production and oxidative stress in this foci \[[@pone.0162267.ref061],[@pone.0162267.ref063],[@pone.0162267.ref064]\]. The reduction of spinal cord glial cells activation, cytokine production and oxidative stress will result in reduced hyperalgesia \[[@pone.0162267.ref027],[@pone.0162267.ref028],[@pone.0162267.ref039]\]. In this sense, it is hypothezized that quercetin inhibits peripheral events induced by intense acute swimming session resulting in the reduced nociceptive transmission of primary afferent neurons innervating the muscle to the spinal cord neurons and glial cells. Nevertheless, there is also evidence that quercetin metabolites reach the cerebrospinal fluid after peripheral treatment \[[@pone.0162267.ref065]--[@pone.0162267.ref067]\]. Quercetin also induces neuroprotective effects via inhibition of oxidative stress and inflammation in a traumatic brain injury model was also demonstrated \[[@pone.0162267.ref068]\]. Considering the information described above, local actions of quercetin in the spinal cord could not be disproved.

Of note, intense acute swimming induced an increase of spinal GSH levels opposing to peripheral soleus muscle data in which GSH levels were reduced, which may seem to be a contradiction. However, there is evidence that peripheral stimuli may induce peripheral oxidative stress as well as enhance spinal cord antioxidant defences \[[@pone.0162267.ref001],[@pone.0162267.ref069],[@pone.0162267.ref070]\]. It is likely that the stimuli effect was more proeminent at the primary foci, which had its antioxidant defences overwhelmed. On the other hand, as the spinal cord is a distant foci, it was activated through activation of the primary nociceptive neuron and a minor oxidative stress occurred in the spinal cord and the induction of antioxidant defences could be noticed \[[@pone.0162267.ref001],[@pone.0162267.ref069],[@pone.0162267.ref070]\] as observed by the enhancement of GSH levels. As quercetin inhibited the peripheral inflammation, oxidative stress and muscle damage, the spinal cord activation was reduced, including the induction of GSH production.

Conclusion {#sec029}
==========

This study demonstrates a novel pharmacological effect of quercetin, the inhibition of DOMS-like-induced pain in mice. Quercetin inhibited intense acute swimming-induced muscle mechanical hyperalgesia, leukocyte recruitment / activation, cytokine production (TNF-α, IL-1β and IL-10), NFκB activation, oxidative stress (improvements in the antioxidant mechanisms / reduction in the superoxide anion generation and lipid peroxidation), COX-2 and NADPH oxidase subunit (gp91^phox^) mRNA expression, and myocyte damage as well as induced Nrf2 and HO-1 mRNA expression. In the spinal cord, quercetin inhibited astrocytes and microglia activation and consequently, cytokine production and oxidative stress, leading to reduced neuro-inflammation. In this sense, the present study suggests that quercetin may be considered a promising molecule to control endurance exercise-induced muscle pain, and to avoid patients who need physical activity to leave exercise programs due to DOMS.
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